Introduction
Gastric cancer (GC) is one of the most common malignant tumors of the digestive system and the third most common cause of cancer-related death in the People's Republic of China. 1 Various complex genetic and epigenetic changes play key roles in its carcinogenesis and progression. Therefore, it is of great importance to identify effective molecular targets influencing tumor invasion and proliferation, which could be used as markers to predict the risk of GC. [2] [3] [4] [5] [6] [7] WWC3, also known as WW and C2 domain containing protein 3, belongs to WWC scaffold protein family involved in cellular transport processes crucial for cell migration, polarity, and synaptic signaling. [8] [9] [10] High endogenous expression of WWC3 has been shown in human ovarian and lung tissues. 11 The role of WWC family proteins in human cancer development is gaining attention in recent years. Reduced WWC1/KIBRA expression was found in primary breast cancer specimens, which correlates with malignant subtype.
12 WWC1 functions as a tumor suppressor by activating LATS kinase, which in turn prevents YAP nuclear import and cancer cell growth. [12] [13] [14] WWC1 methylation occurs frequently in B-cell acute lymphocytic leukemia but not in epithelial cancers. 15 It was reported that WWC1 methylation was associated with unfavorable biological 
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hou and Zhou prognostic parameters in chronic lymphocytic leukemia. 16 WWC2 is able to form homo-and heterodimeric complexes with WWC1/3. Overexpression of WWC2 in HEK293T cells activated LATS1 phosphorylation. 11 Although the function of KIBRA/WWC1 was studied intensively in animal models and human cancers, the importance of WWC3 was not yet elucidated. Since WWC1 and WWC3 share a similar structure, it is possible that WWC3 also functions as a tumor suppressor. To address the above question, this study explored protein expression of WWC3 in 111 cases of GC specimens and analyzed its clinical significance. Then, the association of WWC3 with malignant biological behavior of gastric cell lines was examined. In addition, the possible mechanism by which WWC3 regulated cell proliferation and invasion was investigated.
Patients and methods

Patients and specimen
This study protocol was approved by the institutional review board of The First Affiliated Hospital of Harbin Medical University. A total of 111 cases of gastric tumor specimens and 15 adjacent normal gastric tissues were obtained from patients diagnosed with GC who underwent resection in The First Affiliated Hospital of Harbin Medical University between 2007 and 2013. Written informed consent was obtained from the patients whose tissue samples and medical records were used and reviewed in this research.
Clinical and histopathological data including histopathological diagnosis and tumor grade were extracted from the medical records of the patients. All cases in this study received radical total or subtotal gastrectomy with D2/D3 lymph node dissection. Pathological examination revealed no tumor involvement of the resection margins in surgical specimens (R0: no residual tumor based on R category in AJCC classification). None of the patients included in this study had received preoperative chemotherapy or radiotherapy, but after surgery, they received chemotherapy (chemotherapy regimens: FOLFOX4 program).
immunohistochemistry (ihc)
Tissue sections of 4 μm were prepared. IHC was performed by using the Elivision plus kit purchased from MaiXin (Fuzhou, People's Republic of China). The tissue sections were deparaffinized by using xylene and were rehydrated with graded alcohol. Antigen retrieval was performed in citrate buffer (pH 6.0) for 2 min with an autoclave. H 2 O 2 was used to block the endogenous peroxidase. Normal goat serum was used to reduce nonspecific binding. Then, the sections were incubated with WWC3 rabbit polyclonal antibody (1:200 dilution; Sigma-Aldrich, St Louis, MO, USA) overnight at 4°C. Rabbit immunoglobulin (at the same concentration as for the antigen-specific antibody) was used as a negative control. The staining was followed by incubation with polymer secondary antibodies. The peroxidase reaction was developed with DAB (3-3′diaminobenzidine tetrachloride) plus from MaiXin. Counterstaining was done with hematoxylin, and the sections were dehydrated in alcohol before mounting.
Two independent investigators examined all tumor slides randomly. Five views were examined per slide, and 100 cells were observed per view at 400× magnification. Immunostaining of WWC3 was scored following a semiquantitative scale by evaluating the intensity and percentage of tumor cells in representative tumor areas. Cytoplasmic immunopositivity was considered as positive WWC3 staining. The intensity of WWC3 staining was scored as 0 (negative), 1 (weak), 2 (moderate), and 3 (strong). Percentage scores were assigned as 1 for 1%-25%, 2 for 26%-50%, 3 for 51%-75%, and 4 for 76%-100%. The scores of each tumor sample were multiplied to give a final score of 0-12. Tumors were determined as low expression (final score ,6) or high expression (final score 6). WWC3 plasmid was obtained from OriGene (Rockville, MD, USA). Lipofectamine 3000 transfection reagent was used for plasmid transfection (Thermo Fisher Scientific). The empty vector (pCMV6) was used as negative control.
small interfering rna (sirna) treatment siGENOME siRNA pool for WWC3 (M-013869-01-0005) and negative control siRNA (D-001206-13-05) were obtained from Dharmacon (GE Healthcare, Lafayette, CO, USA). siRNAs were transfected by using DharmaFECT 1 reagent (GE Healthcare) according to the manufacturer's protocol. Cells were harvested for assessment after 48 h.
Quantitative real-time polymerase chain reaction (Pcr; sYBr green method) 
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Clinicopathological significance and biological roles of WWC3 in human GC performed by using 7500 Real-Time PCR System (Thermo Fisher Scientific). β-Actin was used as the reference gene. The relative expression of target genes was calculated by using the 2 -ΔΔCt method. Experiments were repeated in triplicate. The primer sequences are listed in Table 1 .
Western blot (WB) analysis
Total proteins from cells were extracted in radio immunoprecipitation assay lysis buffer and quantified by using the Bradford method. Separation of nuclear protein was performed by using NE-PER Nuclear and Cytoplasmic Extraction Reagents (Pierce, Waltham, MA, USA). Protein samples were transferred to polyvinylidene fluoride membranes (EMD Millipore, Billerica, MA, USA) and incubated overnight at 4°C with primary antibody against WWC3 (1:500; SigmaAldrich), WWC1 (1:1,000; Sigma-Aldrich), WWC2 (1:800; Sigma-Aldrich), cyclin D1, cyclin E, p27, p21, p53, CTGF, YAP (1:800; Cell Signaling Technology, Boston, MA, USA), and GAPDH (1:2,000; Cell Signaling Technology). After incubation with peroxidase-coupled secondary antibody (1:2,000; Santa Cruz Biotechnology Inc., Dallas, TX, USA) at 37°C for 2 h, target proteins on polyvinylidene fluoride membrane were visualized by using ECL kit (Pierce) and DNR Imaging System (DNR, Neve Yamin, Israel).
colony formation and MTT assays
For colony formation assay, the cells were transfected with plasmid or siRNA for 48 h and plated into three 6-cm cell culture dishes (1,000 per dish). They were incubated for 12 days in medium containing 10% FBS. The plates were washed with phosphate-buffered saline (PBS) and stained with Giemsa. The number of colonies with .50 cells was counted. The colonies were manually counted by using a microscope.
For MTT assay, 24 h after plasmid or siRNA transfection, the cells were plated in 96-well plates at a concentration of ~3,000 cells per well and cultured for 5 days. For the quantitation of cell viability, 20 μL of 5 mg/mL MTT (thiazolyl blue) solution was added to each well and incubated for 4 h at 37°C. The medium was removed from each well, and 150 μL of dimethyl sulfoxide was added to the well. The plate was detected using a plate reader at the wavelength of 490 nm.
cell cycle analysis
The cells were harvested and fixed by using 1% paraformaldehyde 48 h after transfection. Then the cells were washed with PBS and stained with 5 mg/mL propidium iodide for 30 min at room temperature. Flow cytometry was performed by using BD FACSCalibur flow cytometer systems (Becton Dickinson, Franklin Lakes, NJ, USA). Cell cycle analysis was carried out by using FlowJo software.
Transwell cell invasion assay
Cell invasion assay was performed by using a Transwell chamber. The inserts were coated with 18 μL Matrigel (BD Biosciences, San Jose, CA, USA) with a dilution rate of 1:4. The cells were plated in a 24-well plate at 80% confluence, and siRNA/plasmid transfection was performed. The cells were trypsinized 48 h after the siRNA transfection, and 100 μL of serum-free DMEM was used to dilute the cells. The cells were then suspended and transferred to the upper chamber in 100 μL serum-free medium and incubated for 20 h. DMEM with 15% FBS was added to the lower chamber. The cells passed through the filter were fixed, stained with hematoxylin, and counted under microscope.
luciferase reporter assay
To assess the functional regulation of YAP as a transcription coactivator, luciferase assay was performed according to the manufacturer's protocol (Promega Corporation, Fitchburg, WI, USA). The cells were transfected with a combination of plasmids including luciferase reporter plasmid 8xGTIIC-luciferase, WWC3 plasmid, and WWC3 siRNA. After 48 h, the cells were analyzed for luciferase activities. statistical analysis SPSS version 16 (SPSS Inc., Chicago, IL, USA) was used for statistical analysis. χ 2 test was used to examine possible correlations between WWC3 expression and clinicopathological factors. The Kaplan-Meier method was used to estimate the probability of patient survival, and differences in the survival of subgroups of patients were compared by using Mantel's log-rank test. The Cox regression model was used for multivariate analysis. Differences between transfection/control groups were compared by using Student's t-test, and P,0.05 was considered statistically significant. 
Results
Clinical significance of WWC3 in GC tissues
IHC was carried out to examine WWC3 expression in 111 cases of GC and 15 cases of normal tissues ( Figure 1A-E) . First, the specificity of the antibody was validated using GC tissue, corresponding to normal tissue, and cell lines with WWC3 overexpression and siRNA depletion. WB was used to examine WWC3 with this antibody, which was used in both IHC and WB experiments. As shown in Figure S1A , the WB bands of the cells were strong when WWC3 was overexpressed and were weak when depleted. GC tissues and normal tissues showed similar single bands at the same molecular weight. These results suggested that the antibody used in IHC and WB was specific for WWC3. WWC3 staining was mainly located in the cytoplasm. Differentiated surface epithelia and mucosal glands in normal gastric mucosa showed strong cytoplasmic staining while 48 of 111 primary GCs showed downregulated WWC3 expression. A section containing both cancer tissue and its corresponding normal adjacent tissue was also used. Differential expression of WWC3 could be observed ( Figure 1E ). The correlation of WWC3 status with clinicopathological characteristics is shown in 
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Clinicopathological significance and biological roles of WWC3 in human GC was higher than that in T1-T2 group (32.5%), which did not reach a statistical significance (P=0.0864). The rate of WWC3 downregulation was higher in cancers with positive nodal metastasis (P=0.0096) than those without. In addition, WWC3 downregulation correlated with higher relapse rate (P=0.0199), and no significant correlation was found between WWC3 downregulation with age and gender. The Kaplan-Meier analysis showed that patients with low WWC3 expression had shorter overall survival than those with high WWC3 expression ( Figure 1F ) (overall survival: P=0.0109). Univariate analysis revealed that WWC3 (P=0.0133), relapse (P,0.001), T stage (P=0.0026), and nodal status (P,0.001) were statistically correlated with patients' survival. These parameters were further subjected to a multivariate Cox proportional hazards model, which indicated that T stage (P=0.0359), nodal status (P=0.0137), and relapse (P,0.001) were independent and significant factors for prognosis (Table 3) . Taken together, these data suggest that WWC3 downregulation is an indicator of malignant phenotype and poor prognosis.
WWc3 downregulation accelerates cell proliferation and invasion
Next, the protein and mRNA levels of WWC3 were analyzed in a panel of GC cell lines (SGC-7901, AGS, HGC-27, and BGC-827) and normal cell line GES-1. It was found that the expression of WWC3 was higher in normal GES-1 cell line than that in GC cell lines. In these cell lines, HGC-27 cells showed relatively low WWC3 level and SGC-7901 cells showed relatively high endogenous level (Figure 2A ). WWC1 and WWC2 protein expressions in these similar cell lines were also examined. As shown in Figure S1B , WWC1 was downregulated in AGS and SGC-7901 cell lines compared with GES-1 cell line and WWC2 was downregulated in HGC-27 cell line. WWC3 plasmid was transfected in HGC-27 cell line and siRNA in SGC-7901 cell line. As shown in Figure 2B , WWC3 transfection significantly upregulated its protein and mRNA levels (WWC3 mRNA: empty vector vs plasmid, P,0.001), and siRNA treatment showed the opposite effects (WWC3 mRNA: control vs WWC3 siRNA, P,0.001). The knockdown and overexpression efficiency were also checked at different time points (at 2, 4, and 8 days after transfection) by using WB. As shown in Figure S1C , the transfection of plasmid significantly upregulated WWC3 protein at day 8. The knockdown efficiency was most significant at day 2 and could still be observed at day 8.
MTT and colony formation assays were performed to explore the impact of WWC3 on cell proliferation. The results showed that WWC3 overexpression in HGC-27 cells inhibited proliferation rate while siRNA treatment caused an increase in proliferation rate in SGC-7901 cells Figure 4A and B, WWC3 overexpression downregulated protein and mRNA expression of cyclin D1 and cyclin E while upregulated p27 in HGC-27 cell line. WWC3 depletion exhibited the opposite effects on these proteins in SGC-7901 cell line. The changes of p21 and p53 protein expression were not significant. ( Figure 2C ). In accordance, colony formation assay demonstrated that WWC3 overexpression inhibited colony number in HGC-27 cells while its depletion upregulated the colony formation ability in SGC-7901 cells ( Figure 2D ). Matrigel invasion assay was carried out to assess the role of WWC3 on cell invasion. As shown in Figure 3A , WWC3 overexpression inhibited while its depletion facilitated GC cell invasion.
WWc3 inhibits cell cycle progression and cell cycle-related proteins
The cell cycle analysis was also performed to observe the impact of WWC3 on cell cycle progression ( Figure 3B ).
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WWc3 overexpression regulates hippo signaling pathway
A previous study suggested that WWC family proteins were involved in Hippo signaling pathway. 11 Hence, the change of YAP, an important Hippo regulator, and its target protein CTGF in WWC3-overexpressed and -depleted cells was examined. First, YAP mRNA and protein levels in all cell lines found in Figure 2A were determined. The results showed that YAP expression in GC cell lines (BGC-823, HGC-27, and SGC-7901) was higher than that in normal GES-1 cell line. Next, it was found that YAP and CTGF protein levels in HGC-27 cells were decreased when transfected with WWC3 plasmid, whereas their levels increased in WWC3-depleted SGC-7901 cell line ( Figure 4A and B) . Since YAP functions as a transcription coactivator in the nucleus, nuclear YAP was also checked and it was found that WWC3 overexpression inhibited its nuclear localization ( Figure 4A ). Inhibition of Hippo signaling leads to YAP upregulation, which induces binding of TEAD to target gene promoter. Thus, luciferase reporter assay was used to indicate transcriptional activity of YAP/TEAD. The results showed that WWC3 overexpression downregulated while its depletion upregulated luciferase activity in GC cells ( Figure 4C ).
Discussion
GC has posed a great threat to human health all over the world. Although research studies have found that many aberrantly expressed genes in GC can contribute to the malignant behavior, the identification of novel molecular markers is still urgently needed. 17, 18 The WWC family protein has been implicated in human cancers. It was shown that WWC1/KIBRA regulates Hippo signaling in breast cancer and correlates with claudin-low subtype, an aggressive subgroup with EMT features and a poor prognosis.
12 WWC1 methylation, which is responsible for its downregulation, occurs frequently in B-cell acute lymphocytic leukemia but not in epithelial cancers. 15 There are no reports regarding protein expression pattern and biological roles of WWC3 in human cancers including GC. For the first time, it has been demonstrated that WWC3 was downregulated in GC tissues and cell lines, which positively correlated with advanced clinical stage, positive nodal status, and higher relapse rate. Importantly, GC patients with low WWC3 expression showed significantly decreased survival than those with high WWC3 expression. To date, this is the first report regarding the clinical significance of WWC3 in human cancers. The clinical data also demonstrate that loss of WWC3 might serve as a signature predicting and providing prognostic information.
MTT and colony formation assays revealed that WWC3 overexpression led to growth inhibition while its depletion facilitated cell growth. Cell cycle analysis demonstrated that WWC3 overexpression decreased S phase percentage and increased G1 phase percentage. WB showed that WWC3 inhibited cyclin D1 and cyclin E while upregulated p27. 
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Clinicopathological significance and biological roles of WWC3 in human GC Cyclin D1 and cyclin E promote G1-S transition and serve as indicators for malignant growth in various cancers including GC. 19, 20 These results indicate that WWC3 inhibits cell growth by blocking G1-S cell cycle transition. Matrigel invasion assay showed that WWC3 inhibited cell invasion while its depletion promoted cell invasion. Thus, WWC3 could inhibit both proliferation and invasion of GC cells, which was in accord with the clinical data.
The Hippo pathway controls tissue growth and tumorigenesis by inhibiting cell proliferation and promoting apoptosis. To explore the molecular mechanism of WWC3 in GC, Hippo-related proteins were checked and it was found that WWC3 overexpression downregulated total YAP, nuclear YAP, and target protein CTGF. WWC3 depletion upregulated YAP and CTGF. YAP and its target protein CTGF are important effector proteins in the Hippo pathway, which have been found dysregulated in various human cancers. [21] [22] [23] [24] The observation of this study was in agreement with previous reports showing correlation between WWC protein and Hippo signaling. YAP overexpression leads to the upregulation of cyclin D1 and concomitant downregulation of p27/p21. 25 CTGF is a YAP target protein which plays a critical role in cancer cell proliferation and invasion. [26] [27] [28] [29] Collectively, these results indicate that WWC3 inhibits cell proliferation by downregulating YAP and its target protein CTGF, which in turn inhibits cell cycle proteins and cancer proliferation.
To date, most of the studies regarding WWC1/KIBRA and human cancer considered WWC1 as a tumor suppressor through the activation of Hippo signaling. 11 However, a recent study suggested a different role of WWC1/KIBRA as a tumor promoter in prostate cancer. WWC1/KIBRA is induced by androgen signaling and is partially required for androgen receptor signaling activation in prostate cancer cells. 30 Thus, the tumor promoting role of WWC1 is dependent on androgen receptor signaling. WWC1 has a sequence identity of 40% with WWC3. WWC1 contains a specific, glutamic acid-rich adjacent region, whereas WWC3 contains an arginine-and proline-rich stretch sequence stretch. 11 Since WWC3 shares similar structure with WWC1, it is possible that the function of WWC3 in other cancers (such as prostate cancer) may differ from that in GC, which deserves further investigation.
Conclusion
WWC3 downregulation correlates with malignant phenotype and poor prognosis in human GC. WWC3 activates Hippo signaling pathway by the downregulation of YAP protein.
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